The purpose of the current study is to evaluate the accuracy of MR thermometry for radiofrequency ablation (RFA) with hook-shaped electrodes. The objects were eight extracted bovine livers. The chemical shift change was calculated from MR images acquired with a spoiled gradient echo sequence and compared with the temperature directly measured with a thermocouple. Linear regression was established between them with a coe‹cient of -0.0110±0.0007 ppm W 9 C and errors were calculated as -0.50±7.509 C. MR thermometry is capable of monitoring temperature for RFA.
Introduction
Radiofrequency ablation (RFA) is a promising method for treatment of HCC (hepatocellular carcinoma) and metastatic liver tumor. 1 Although a high curative rate has been reported, RFA still carries a risk of local recurrence due to incomplete ablation. Su‹cient temperature elevation in the peripheral zone is important for preventing local recurrence. In some types of commercially available RF systems, electrodes are available with thermocouples embedded in the tips for monitoring temperature. Nonetheless, they are only able to indicate the temperature of small areas adjacent to the electrode tips, and therefore cannot provide complete information about temperature distribution.
MR temperature monitoring has been investigated for thermal ablation procedures, including laser, FUS (focused ultrasound surgery), microwave, and RFA. The proton chemical shift is dependent upon the temperature change at the rate of -0.01 ppm W 9 C in pure water. 2 The subtraction technique between reference and objective images enables us to generate phase diŠerence maps that can be converted to temperature maps with the thermal coe‹cient. 3 MR (magnetic resonance) thermometry during RFA with a monopolar electrode has already been documented. 4 However, most metal electrodes, especially multipronged hook-shaped electrodes, are not designed for MR use and can generate severe artifacts in MR imaging.
To our knowledge, no literature has discussed the accuracy of MR thermometry during RFA with multipronged electrodes. The purposes of our study are to adopt MR-compatible hook-shaped electrodes and to investigate the accuracy of MR temperature monitoring of RFA.
Materials and Methods
We used eight extracted bovine livers in our experiment. MR thermometry was performed with a 1.5T whole-body MRI unit (Signa Horizon Echospeed, GEMS, Milwaukee, WI, U.S.A.) with a 5-inch surface coil used as a receiver. An RF generator (Model 100, RITA Medical Systems, CA, U.S.A.), operating at 460 kHz at a maximum of 50 W, and a needle with hook-shaped expandable nickel-titanium electrodes were used for this study (Fig. 1) . A thermistor was embedded in the tip of each electrode. The RF generator included a display panel indicating the temperature at the tips of the electrodes, tissue impedance, procedure time, and output power. The output power was automatically controlled to maintain the averaged temperature of the four thermistors at the operator-deˆned temperature. The RF generator was placed in the corner of the shielded room in order to avoid interference with the MR scanner (Fig. 2) . The probe and ground pad were connected with extension cables. Ablation was performed in the MR scanner gantry.
The extracted livers were warmed in a 309 C water bath before the experiments. Each liver was placed on the ground pad, the needle containing the electrodes was inserted into the liver along the z-axis of the MR gantry, and the hook-shaped electrodes were fully deployed. An independent thermocouple, consisting of a pair of copper and constantan wires 0.1 mm in diameter in total, was inserted into the liver through an 18 gauge-catheter parallel to the probe. The thermocouple was placed within 1 cm of the RF needle shaft. The temperature of the independent thermocouple was analyzed with a laptop computer (Inspiron 3700, Dell, TX, U.S.A.) equipped with a data acquisition unit (NR-250, Wave Thermo, Keyence, Osaka, Japan). Two pairs of extension cables for transferring the thermocouple signal to the analog-digital converter attached to the computer located in the operating room were connected via a connector in the penetration panel. The entire cable structure outside the shield room was covered with``shieldribbon,'' which was connected to the ground terminal on the panel. No obvious artifact was visible on the MR images acquired after this system was set up.
The 7-8 sequential axial images containing the prongs of the electrodes were acquired with a spoiled gradient echo sequence with the following parameters forˆnding the tip of the thermocouple: TR: 40 ms, TE: 7.4 ms, ‰ip angle: 309 , spatial matrix: 256×128,ˆeld of view: 12 cm, and slice thickness: 3 mm without slice gap. The MR thermometry was performed in one axial (x-y) plane containing the tip of the thermocouple. A spoiled gradient echo sequence was used to obtain MR images for monitoring phase shift with the same parameters as previously described.
An MR image was obtained at every 59 C elevation detected by the independent thermocouple. During MR acquisition, power to the RF generator was halted in order to avoid damaging the MR scanner's ampliˆer. Cables were also pulled from the RF generator to prevent interference with MR imaging. RFA was restarted immediately after the MR imaging session. These sessions were repeated until the independent thermocouple indicated 809 C.
The phase diŠerences were calculated from raw data with the subtraction method (see Appendix). 5, 6 The original datasets with 128×256 matrices were interpolated with the zero-ˆlling method to 256× 256 matrices to obtain isotropic voxels with 0.47 mm of spatial resolution in the x-y plane. We deˆned an area of 3×3 voxels around the thermocouple tip for comparison with a directly measured temperature, excluding one pixel that contained artifacts from the thermocouple tip. To calibrate the phase drift during each data acquisition series, the averaged values of phase shift were subtracted from the original phase data in four areas, including 10×10 voxels that were placed as far as possible from the RF probe in the tissue. The calculated phase shift of the background is shown in Fig. 3 . The phase diŠerences were compared with the temperature changes to obtain the thermal coe‹cient. The limits of agreement were identiˆed according to the Bland-Altman method. 7 The phase change maps were converted to temperature change with the thermal coe‹cient.
Results
Two cases were excluded from the analysis because the inserted thermocouple migrated away from the needle during ablation. A third case was also excluded because of large phase drift. Figure 4 shows the MR images of the RF electrodes. Despite the use of the nickel-titanium electrode, susceptibil- Fig. 3 . The area for monitoring phase shift is indicated as a black square of 3×3 voxels. The thermocouple tip is located in the center of the box. The temperature map was calculated from the dataset when the thermocouple detected a 579 C elevation from the base line at the 9th measurement. The temperature in the area near each electrode is not assessable due to artifacts. ity artifacts still appeared around the hook-shaped electrodes, although the artifacts were much reduced in comparison with those generated by the stainless steel electrodes. Figure 5 shows the temperature graph measured with the independent thermocouple. As shown in This value was greater than the limit value of t＝ 11.59 for a 99z conˆdence level. Figure 6 shows lines containing slopes at the conˆdence level of 99z. The limits of agreement between the temperature changes and the MRI-calculated data were assessed with the Bland-Altman method (Fig. 7) . The mean diŠerence and standard deviation were calculated as -0.50±7.50 (pº0.001) between the upper and lower 95z limits of agreement. We then calculated a temperature diŠerence map using the coe‹cient of -0.0110 ppm W 9 C, as illustrated in Fig. 8 .
Discussion
Although the multiple hook-shaped electrode is designed to result in more coagulation than a single monopolar electrode, its complex shape causes signiˆcant artifacts in MR images. The MRcompatible nickel-titanium electrodes employed in our study successfully reduced the artifacts. Although the artifacts are still apparent in the area within 2 or 3 mm of each electrode, temperature calculation is still possible in all other areas. As for clinical cases, most recurrence following thermal ablation occurs along the rim of the tumor. Temperature monitoring is more important in the peripheral zone than in the central zone. If accurate temperature measurement in the peripheral zone is possible, the technique will meet clinical requirements. The method described in the current study is not suitable for monitoring the temperature concurrently with RFA because of interference between the MRI and RFA generator; however, this method oŠers the convenience of requiring no additional equipment or specialized techniques. With this method, the operator can easily identify the temperature-elevated area immediately following the termination of RFA. This technique will contribute to the identiˆcation of complete tumor ablation and will consequently improve the success rate of RFA.
In the current study, the data were acquired in a single plane in order to compare the MR thermometry with the thermocouple measurements. Three-dimensional temperature maps are indispensable in clinical usage because the temperature distribution can be more complex in cases in which multiple-hook electrodes are used.
In some previous studies where the data were obtained mainly in a lower temperature range, the coe‹cient was reported to be close to -0.009 ppm W 9 C. 9, 10 A study using FUS documented the coe‹cient as -0.0088 ppm W 9 C in temperatures less than 509 C, although the coe‹cient was calculated as -0.0106 ppm W 9 C from datasets of an overall temperature range. 11 These features indicate that the coe‹cient is close to -0.01 ppm W 9 C when the value is calculated from datasets obtained in a higher temperature range. The diŠerence in the coe‹cient at higher temperature ranges is attributed to two reasons: the structure breaking eŠect of diamagnetic compounds such as sodium and potassium, and a density change in paramagnetic compounds such as hemoglobin and myoglobin. 11 Tissue expansion has the potential to cause a miscalculation of the subtraction between the reference and objective phase images. In our experiments, the surface of the specimen moved less than two pixels, and the misregistration between the reference and objective images was below the detectable range in the temperaturemeasured area. Motion artifacts caused by respiration should be considered when this method is applied to clinical cases. The development of software capable of correcting the motion artifacts is the next challenge to overcome for clinical application.
When the probe is placed along the z-axis, the fully deployed prong runs in the x-y plane perpendicular to the magnetostatic ‰ux. More severe artifact generated by prongs was expected than in any other direction of the probe in the current study; however, we did not demonstrate a correlation between the artifact and direction of the probe. The shaft of the probe used in the current study was too long to be manipulated in the closed space. The development of a probe with a shorter shaft would be indispensable for clinical applications.
Conclusion
MR temperature measurement determined from chemical shift change can be accurately performed for RFA with hook-shaped nickel-titanium electrodes.
changed temperature, and TE is the echo time. a is the temperature change of the chemical shift in ppm W 9 C.
The phase diŠerence is obtained by calculating the arctangent of the ratio of the imaginary and real parts of two diŠerent time points. This is given as Dq＝q1-q2＝tan -1 s (R2I1-R1I2) W ( R1R2＋I1I2)t .
